ABSTRACT mRNA polyadenylation is an essential step for the maturation of almost all eukaryotic mRNAs, and is tightly coupled with termination of transcription in defining the 3'-end of genes. Large numbers of human and mouse genes harbor alternative polyadenylation sites [poly(A) sites] that lead to mRNA variants containing different 3'-untranslated regions (UTRs) and/or encoding distinct protein sequences. Here, we examined the conservation and divergence of different types of alternative poly(A) sites across human, mouse, rat and chicken. We found that the 3'-most poly(A) sites tend to be more conserved than upstream ones, whereas poly(A) sites located upstream of the 3'-most exon, also termed intronic poly(A) sites, tend to be much less conserved. Genes with longer evolutionary history are more likely to have alternative polyadenylation, suggesting gain of poly(A) sites through evolution. We also found that nonconserved poly(A) sites are associated with transposable elements (TEs) to a much greater extent than conserved ones, albeit less frequently utilized. Different classes of TEs have different characteristics in their association with poly(A) sites via exaptation of TE sequences into polyadenylation elements. Our results establish a conservation pattern for alternative poly(A) sites in several vertebrate species, and indicate that the 3'-end of genes can be dynamically modified by TEs through evolution.
INTRODUCTION
mRNA polyadenylation is an essential step for the maturation of almost all eukaryotic mRNAs (1) , and is tightly coupled with termination of transcription (2) and other steps of pre-mRNA processing (3, 4) . It involves an endonucleolytic cleavage at a polyadenylation site [poly(A) site], followed by polymerization of an adenosine tail at the 3 0 -end of the cleaved RNA (5) . Poly(A) tails are critical for virtually every aspect of mRNA metabolism, including mRNA transport, translation and mRNA stability (6) (7) (8) . Malfunction of polyadenylation has been implicated in several human diseases (9, 10) .
The genomic sequence surrounding a poly(A) site is referred to as the poly(A) site region. Most cis-elements involved in polyadenylation are located in the À100 to +100 nt region, with poly(A) site set at position 0 (11) . Signals located in the À40 to +40 nt region are usually essential for polyadenylation, and can be considered as core elements, whereas signals located between 41 and 100 nt in upstream or downstream regions have been implicated in the modulation of polyadenylation, and can be considered as auxiliary elements (11) . The nucleotide composition of human poly(A) site regions is generally T-rich, with an A-rich sequence located right before poly(A) site (12, 13) . A hexamer AATAAA or ATTAAA or a close variant, usually referred to as the polyadenylation signal (PAS), is typically located in the À40 to À1 nt region (13, 14) . T-rich element and TGTG element and its variants are typically located in the +1 to +40 nt region (11) . In addition, TGTA, TATA, G-rich and C-rich elements in various upstream or downstream regions have been implicated in regulation of polyadenylation by experimental and/or bioinformatic studies (11, 15, 16) . Phylogenetic analyses have indicated that the cis-element structure of poly(A) site is essentially conserved across amniotes, from human to chicken, but divergent in lower vertebrates, such as fish (17, Lee,J.Y. and Tian,B., unpublished data).
Over half of all human genes have multiple poly(A) sites (13, 18) , leading to alternative gene products and contributing to the complexity of the mRNA pool in human cells. Multiple poly(A) sites can be located downstream of the stop codon in the 3 0 -most exon (Figure 1 ), leading to transcripts with variable 3 0 -untranslated regions (UTRs), or in internal exons, leading to transcripts with variable protein products and 3 0 -UTRs. The latter case is also referred to as intronic polyadenylation, as poly(A) site usage is competed against by splicing (19) . The selection of alternative poly(A) sites has been shown to be related to biological factors, such as development stage and cell condition, for a number of genes (20) (21) (22) (23) (24) . Both the level of polyadenylation factors and tissue-specific usage of cis-elements have been implicated in alternative polyadenylation in different tissues (21, 25, 26) .
Transposable elements (TEs) account for at least 45% of the human genome, and play important roles in shaping the genome structure through evolution (27, 28) . TEs can also regulate gene expression (29, 30) , by providing cis-elements at promoter regions (31) , giving rise to new exons (32) (33) (34) or modulating transcription (35) (36) (37) . Major TE classes in the human genome are DNA transposons (DNAs), long interspersed elements (LINEs), long terminal repeat retrotransposons (LTRs) and short interspersed elements (SINEs). Each class has a number of families and subfamilies with distinct structures and consensus sequences, and are active in transposition in different periods of evolution in different species (38) . While most TEs in the human genome have lost transposition activity, some are still active, including the L1 family of LINE, Alu family of SINE and SVA element (39), leading to genetic variation and causing diseases (40, 41) . Both L1 and Alu have also been implicated in creating poly(A) sites for certain genes (42, 43) .
Here, by using whole genome alignments of several amniotes, including human, mouse, rat and chicken, we set out to systematically address (i) the general trend of conservation for poly(A) sites at different locations of a gene and (ii) the roles which different classes of TEs play in the evolution of poly(A) sites.
MATERIALS AND METHODS

Data sets
We used poly(A) sites from the PolyA_DB 2 database (44). These poly(A) sites were mapped by aligning poly(A/T)-tailed cDNA/ESTs with genome sequences using BLAT (45) and in-house Perl scripts (46) . Briefly, the UniGene database was used to group cDNA/ESTs into genes, NCBI RefSeq and UCSC Known Gene sequences were used to identify the intron/exon structure of a gene. Adjacent poly(A) sites (<24 nt from one another) were clustered together. Poly(A) sites were classified according to their locations in the gene. The RepeatMasker program (version 3.1.8) and the RepBase database (version October 2006) were used to identify TEs in poly(A) site regions with default settings.
Mapping of orthologous poly(A) sites
To identify orthologous poly(A) sites between two species, we used pair-wise genome alignment files downloaded from the UCSC Genome Bioinformatics Site. We required reciprocal best matches for a pair of orthologous poly(A) sites according to the distance from one site to the other in the genome alignment, and that the two sites are located within a 24 nt window as depicted in Supplementary Figure 1A . We found that changing the window size did not lead to significant change of the number of mapped orthologous sites (Supplementary Figure 1B) , suggesting robustness of this method. In addition, almost none of the mapped orthologous poly(A) sites belonged to genes that were in different NCBI HomoloGene orthologous groups (data not shown), suggesting high accuracy.
RESULTS
Conservation patterns of poly(A) sites in human, mouse, rat and chicken
Alternative polyadenylation is a widespread mechanism for genes to produce transcript variants (13, 47) . Poly(A) sites can be classified into different types based on their locations in a gene (Figure 1 ). For simplicity, we also use one letter code to refer to a type in this study. A poly(A) site located in a 3 0 -most exon that contains only one poly(A) site is named single or constitutive site (S type); poly(A) sites located in 3 0 -most exons containing multiple poly(A) sites are named F type (the first or 5 0 -most), L type (the last, or 3 0 -most) or M type (middle ones between F and L). In addition, poly(A) sites located upstream of 3 0 -most exons are considered as intronic sites, which include composite terminal exon sites (C) and skipped or hidden terminal exon sites (H).
To understand how poly(A) sites have evolved, we mapped orthologous poly(A) sites using human, mouse, rat and chicken poly(A) sites and pair-wise genome alignments between these organisms (see Materials and Methods and Supplementary Figure 1 for detail). We focused on these aminotes because there are a large number of poly(A/T)-tailed cDNA/ESTs available for mapping poly(A) sites in their genomes and previous bioinformatic studies have indicated that the cis-element structure of poly(A) site is essentially the same across aminotes (17, Lee,J.Y. and Tian,B., unpublished data). Of 37 591 human sites, 11 255 (30%) were found to be conserved in mouse, 10 526 (28%) in rat and 922 (2%) in chicken. As shown in Figure 2A , human versus mouse and human versus rat conservation patterns are largely identical. The S type sites are the most conserved among all types, the L type sites are significantly more conserved than F or M type sites and intronic sites are the least conserved ones (Figure 2A ). Of the intronic sites, H type sites are more conserved than C type sites. For conserved sites in 3 0 -most exons, conservation of poly(A) site type is statistically significant (P = 2.2 Â 10 À16 , Chisquared test, Figure 2B ), despite that some human sites are mapped to a different type than their mouse orthologs and vice versa. The same conclusions can be drawn from analyses of mouse versus human and mouse versus rat sites (Supplementary Figure 2) .
The fact that L type sites are more conserved than F or M type sites indicates that downstream poly(A) sites are better preserved in evolution and gain or loss of poly(A) sites are more likely to take place in upstream poly(A) sites. To further explore this with a broader evolutionary perspective, we carried out human versus chicken and mouse versus chicken poly(A) site comparisons. As shown in Figure 2C , both comparisons had the same conservation pattern. Interestingly, the difference between L and F is more conspicuous than those from comparisons of mammals, suggesting that conservation of 3 0 -most poly(A) sites are more discernable in genes with longer evolutionary history. Furthermore, human and mouse S type sites are relatively less conserved in chicken than in mammals, suggesting that longer evolution may bring about more poly(A) sites. To explore this hypothesis, we divided human genes into two groups, ones with orthologs in chicken (named 'old' genes) and ones without (named 'new' genes), and examined the frequency of alternative polyadenylation in each group. As shown in Figure 2D , a significantly higher proportion of old genes have alternative poly(A) sites than new genes (P = 8.39 Â 10 À145 , Chi-squared test), indicating that genes, in general, gain poly(A) sites through evolution.
TEs and poly(A) sites
A large number of human poly(A) sites are not conserved in mouse, a sizable fraction of which is due to lack of genome alignments (data not shown). Since TEs have been implicated in giving rise to new exon sequences in evolution, we wanted to know how TEs might be responsible for species-specific poly(A) sites. Using the RepeatMasker program and the RepBase database, we examined poly(A) sites that are associated with four classes of TEs, i.e. DNAs, LINEs, LTRs and SINEs.
A TE can contain a poly(A) site or contribute cis-elements to a poly(A) site. For the latter case, we required the distance between a poly(A) site and a TE to be within 40 nt, as essential cis-elements involved in polyadenylation are typically located in the À40 to +40 nt core region (11) . In sum, 3188 human poly(A) sites from 2565 genes, corresponding to $8% of all poly(A) sites and $16% of all genes surveyed, were found to be associated with TEs. As shown in Figure 3A , we found that human poly(A) sites that are not conserved in mouse are associated with TEs to a much greater extent than those conserved ones. In fact, $94% of TE-associated sites are nonconserved in mouse. Conversely, $5% of mouse poly(A) sites from $7% of genes surveyed are associated with TEs, of which $93% are not conserved in human (data not shown). This result indicates that TEs can significantly contribute to creation or modulation of poly(A) sites in evolution, and are responsible for species-specific poly(A) sites.
As shown in Figure 3A , nonconserved intronic poly(A) sites are associated with TEs more frequently than nonconserved sites in 3 0 -most exons, with the H type sites being associated with TEs to the greatest extent. Interestingly, nonconserved S and L type sites are associated with TEs more frequently than F and M type sites. Since these sites are the 3 0 -most sites for genes, this finding indicates that TEs can play a significant role in defining the 3 0 -end boundary of a gene. Similar trends can be discerned for poly(A) sites overlapping with TEs in the À100 to À41nt and +41 to +100nt auxiliary regions ( Figure 3A ), which generally contain regulatory elements for polyadenylation. Some conserved poly(A) sites are also associated with TEs, indicating selection for their function through evolution.
To understand how TE-associated poly(A) sites are utilized, we examined the usage of different types of poly(A) sites using the number of EST sequences supporting for poly(A) site. While this method is not considered quantitative enough for assessing the usage of individual poly(A) sites, it can reveal the general usage trend for a set of sites (21) . As shown in Figure 3B , nonconserved sites are much less frequently used than conserved sites for both poly(A) sites associated with TEs and those not. TE-associated poly(A) sites appear to be slightly less frequently used than other sites in both conserved and nonconserved groups. Since conserved TE-associated poly(A) sites have longer evolutionary histories than nonconserved ones, this result suggests that TEs are gradually fixed in evolution for their role in polyadenylation, presumably undergoing optimization of polyadenylation activity by mutation.
For the four major classes of TEs in the human genome, the number of TEs-associated with poly(A) sites follows the order LINE > SINE > LTR > DNA (Table 1) , which approximately correlates with their occurrence in the human genome (27) . We further examined three types of association based on the location of TE in poly(A) site region, including the whole À40 to +40nt core region, the À40 to À1nt core upstream region and the +1 to +40nt core downstream region, as illustrated in Figure 3C . As shown in Figure 3D , different TE classes are associated with poly(A) sites differently. While most DNAs and LTRs tend to contain whole poly(A) site region, a large fraction of LINEs and SINEs are located either upstream or downstream of poly(A) sites, suggesting contribution of cis-elements, with SINEs being more conspicuous for this trend. In addition, strong strand biases can be discerned for LTRs, LINEs and SINEs.
Poly(A) sites in terminal regions of DNAs and LTRs can be adopted by human genes We found that poly(A) sites associated with DNAs and LTRs are primarily located in terminal regions of these elements, namely the terminal inverted repeats (TIRs) in DNAs and terminal LTR sequences in LTRs. However, as shown in Figure 3D , while the plus and minus strands of TIR are associated with poly(A) sites with similar frequencies, a strong bias to the plus strand of LTR can be discerned. This result is consistent with PAS occurrence and poly(A) site prediction by polyA_SVM (48) and polyadq (49) for TIR and LTR sequences, as shown in Supplementary Figure 3A -D, in which top DNA and LTR families and subfamilies with respect to poly(A) site association are analyzed (MER33 subfamily of MER1_type and Tigger 1 subfamily of MER2_type for DNA and MLT1C subfamily of MaLR and MER21C subfamily of ERV1 for LTR). Thus, poly(A) sites in human genes that are associated with DNAs and LTRs are generally endogenous poly(A) sites in these TE elements that have been adopted through evolution. A large number of poly(A) sites are derived from both strands of L1
The L1 family of LINE accounts for $17% of the human genome, the highest among all TE families and has been active for the last $170 million years (MYR) (50) . Not surprisingly, L1 is associated with poly(A) sites with the highest frequency among all TE families. Many internal poly(A) sites of L1 have been reported, which has been implicated in the modulation of its retrotransposition activity (42) . A full-length L1 is composed of 5 0 -UTR, ORF1, ORF2 and 3 0 -UTR. However, L1 sequences in the human genome are often truncated at the 5 0 -end due to inefficient reverse transcription during retrotransposition (51) . Consistently, the number of poly(A) sites associated with these sequences follows the order: ( Figure 4A ). As shown for the examples of top L1 subfamilies, ORF2 of L1M5 and 3 0 -end region of L1ME4a, poly(A) sites in ORF2 and 3 0 -end region are diffusely distributed ( Figure 4B and C), except for several 'hot spots' on the minus strand of the 3 0 -end region. Interestingly, while ORF2 and 3 0 -end region contain much more AATAA/ATTAAA and other PAS hexamers on the plus strand than the minus strand (Supplementary Figure 3E and F) , presumably due to their A-rich content, more poly(A) sites are associated with minus strands than plus strands, with a ratio of 2 : 1 ( Figure 4A ). This bias is in good agreement with previous reports that indicated preferential placement of L1 sequences in antisense orientation of host genes with a ratio of $2 (52). We further analyzed ORF2 and 3 0 -end sequences by PolyA_SVM, which uses 15 cis-elements surrounding poly(A) site for prediction (48) . We found that more poly(A) sites can actually be predicted on the minus strand than on the plus strand (7 versus 3) for ORF2, and same number of sites for the 3 0 -end region (Supplementary Figure 3E  and F) . Thus, other cis-elements may exist on the minus strand that lead to higher occurrence of poly(A) sites than the plus strand, despite fewer PAS hexamers. Further experimental analysis is needed to confirm this hypothesis. In addition, several regions of L1 do not contain PAS or predicted poly(A) sites, but are associated with poly(A) sites with high frequency, suggesting that they may contain favorable sequences that can give rise to cis-elements for polyadenylation through mutations.
The homologous 3'-end regions of L2 and MIR contain cis-elements for polyadenylation L2 is the second top LINE associated with poly(A) sites. Most associated poly(A) sites are located within or near its 3 0 -end region, as shown for L2a, the top subfamily of L2 ( Figure 5A ). Interestingly, the last 50 nt region of its plus strand tends to be located upstream of poly(A) site, whereas the minus strand of this region tends to be located downstream of poly(A) site ( Figure 5A ). Consistent with this observation, this region contains an AATAAA PAS and a TGTA element on the plus strand and a TGTG element on the minus strand ( Figure 5B ). Since the 3 0 -end region of L2 is highly homologous to the 3 0 -end region of Mammalian-wide interspersed repeat (MIR), a tRNAderived SINE that is thought to be active $130 MYR ago, in the same period as L2 (53, 54) , it is not surprising to see that MIR has a similar trend for poly(A) site association ( Figure 5C ). For example, MIRb, the top MIR subfamily, contains both ATTAAA and AATAAA PAS and a TGTA element on the plus strand and two TGTG elements on the minus strand ( Figure 5B ). Thus, MIR and L2 can bring either upstream or downstream cis-elements for polyadenylation to the genome, and give rise to new poly(A) sites. Notably, consistent with their evolutionary history, MIR and L2 together account for about half of the conserved TE-associated poly(A) sites, indicating their significant contribution to poly(A) site evolution in mammals.
Four modes of poly(A) site association for Alu
Alu has the highest copy number in the human genome among all TE families, and is the second top SINE associated with poly(A) sites, after MIR. Alu sequences are derived from 7SL RNA elements, and are composed of two related monomers separated by a middle A-rich region. An Alu sequence has a RNA polymerase III promoter located at the 5 0 -end, and a poly(A) sequence at the 3 0 -end that is required for retrotransposition (55) . For the top subfamily, AluSx, four hot spots can be discerned ( Figure 6A ). The 5 0 -end region of AluSx tends to be located downstream of poly(A) sites. This region is rich in CG. Further examination of poly(A) sites associated with this region indicated that this region tends to give rise to TG elements via transition of C to T. Interestingly, CG dinucleotides in Alu were found to have about 10 times higher mutation rate than other dinucleotides in the sequence (56, 57) . Thus, despite that the consensus sequence of the 5 0 -end region does not have apparent cis-elements for polyadenylation, it has propensity to mutate to poly(A) site downstream elements. A second hot spot is located in the middle region of the plus strand. This region contains the middle A-rich sequence followed by a CG-rich sequence that is highly similar to the 5 0 -end region described above. Further examination indicated that the middle A-rich sequence tends to mutate to PAS and the CG-rich sequence tends to mutate to TG elements. Consistent with these findings, Conservation is based on the human and mouse comparison. Top families are those accounting for >5% of poly(A) sites that are associated with a TE class.
poly(A) sites associated with this region are completely encoded by Alu sequences. The third and fourth hot spots correspond to the plus strand and minus strand of the 3 0 -end poly(A) tail sequence, respectively.
Not surprisingly, this poly(A) tail sequence can give rise to upstream PAS hexamers when in the sense orientation, or downstream T-rich elements when in the antisense orientation. Thus, despite lack of cis-elements for polyadenylation in its consensus, Alu sequences provide favorable breeding ground for new poly(A) sites by four mechanisms through mutations, as illustrated in Figure 6B . Its contribution to the 3 0 -end definition of human genes can be highly significant due to its widespread nature in the human genome.
DISCUSSION
In this study, we used whole genome alignments to identify conserved poly(A) sites across species. The high sensitivity and selectivity of this approach are supported by the results that using different window sizes for mapping orthologous sites only made minor differences, and the mapping result was in good agreement with the gene ortholog information based on coding sequences. We found that single poly(A) sites are much more conserved than alternative poly(A) sites, which agrees with what was reported by Ara et al. (58) . However, our finding that the 3 0 -most poly(A) sites are more conserved than upstream ones is inconsistent with what was reported by Ara et al. in which poly(A) sites distal to the stop codon were found to be less conserved than those proximal ones. This can be partly attributable to differences in mapping conserved sites. While both methods use a window for finding conserved poly(A) sites (30 nt in their case, and 24 in our case), Ara et al. additionally required that PAS to be perfectly aligned. This can make conserved poly(A) sites proximal to the stop codon more easily detected, as sequence conservation in the 3 0 -UTR is generally better in the 5 0 -region than in the 3 0 -region. This bias can be further exacerbated by the fact that PAS are located in an AT-rich low complexity region, for which sequence alignment tools may not perform well in aligning short fragments, for example, PAS hexamers. By contrast, our method is not bound by this restriction, and does not have the bias to 5 0 -poly(A) sites. As such, for comparable numbers of poly(A) sites, Ara et al. found $13% but we found $30% are conserved between human and mouse. In addition, Ara et al. divided alternative poly(A) sites into proximal and distal groups, which correspond to F+M and L+M types, respectively, in this study. Thus, the discrepancy between our results and theirs can also be caused by M type poly(A) sites, which is less conserved than F or L.
Previous studies have implicated a number of TEs in bringing poly(A) sites to endogenous genes (42, 43) . Our comprehensive analysis in this study establishes poly(A) site association patterns for four classes of TEs. Three modes of TE-mediated poly(A) site creation were detected: (i) some poly(A) sites are encoded by TEs and utilized by endogenous genes, such as poly(A) sites in the TIR region of DNAs, the LTR region of LTRs and various regions of L1; (ii) some poly(A) sites were created by combining cis-elements from TEs with those in the genome, such as the 3 0 -end regions of L2 and MIR and (iii) some poly(A) sites were derived from TE regions that have high propensity to give rise to poly(A) sites by mutations, such as the 5 0 -end, middle and 3 0 -end regions of Alu. The diverse pathways to create poly(A) site suggests that the 3 0 -end of genes can be dynamically modified in evolution. Conceivably, this can have a significant impact on the evolution of 3 0 -UTRs and their cis-elements. On this note, TEs in 3 0 -UTRs have been linked to microRNA target sites and AU-rich elements (59, 60) , and have been involved in regulation of RNA localization via RNA editing (61) .
TEs are associated with nonconserved poly(A) sites more frequently than with conserved ones, indicating that they play important roles in setting lineage specific polyadenylation patterns. However, it is notable that only those TEs that have sufficient degree of similarity to their consensus sequences can be examined in this study, and ancient TEs, which have diverged beyond recognition by current computational methods, are not detected. In this regard, the fact that all TE classes analyzed in this study have some level of association with poly(A) sites makes it plausible that many conserved poly(A) sites are also associated with TEs, but their sequence divergence has made them not recognizable by the RepeatMasker program. Given the widespread nature of TEs and their extensive roles in shaping the genomes through evolution, it is conceivable that TEs have played a significant role in poly(A) site evolution and defining the 3 0 -end of genes.
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